Aims We assessed preoperative muscle wasting in patients undergoing left ventricular assist device (LVAD) implantations using abdominal skeletal muscle images on computed tomography (CT) and explored the associations between the preoperative muscle wasting and clinical outcomes after LVAD implantation.
Introduction
Heart failure is a major and growing public health problem associated with morbidity, hospitalization, and mortality worldwide.
1 New therapeutic interventions for the treatment of heart failure have emerged, but many cases are still medically intractable. Left ventricular assist device (LVAD) is used as an effective therapeutic option in these advanced heart failure cases in which all other therapies have been exhausted. [2] [3] [4] The use of LVAD improves the survival rate, the quality of life, and the functional capacity of patients with advanced heart failure. 5, 6 The waiting period with LVAD for heart transplantation is extremely long in Japan because of donor shortage 7 ; therefore, long-term management is necessary, and morbidity and mortality during this period are a major concern in Japan.
Sarcopenia is a syndrome characterized by the generalized loss of skeletal muscle mass and a decrease in general strength. 8 It is associated with poor outcomes and premature death in patients with various underlying diseases. 9 In advanced heart failure, a loss of skeletal muscle mass contributes to reduced exercise capacity and frailty. [10] [11] [12] However, it is unclear whether sarcopenia increases the likelihood of adverse clinical outcomes in advanced heart failure patients undergoing LVAD implantation. Therefore, we retrospectively screened a cohort of Japanese preoperative patients for muscle wasting using abdominal skeletal muscle measurements on computed tomography (CT) and explored the associations between the preoperative muscle wasting and survival rates after LVAD implantation.
Methods
We reviewed the records of 111 patients who underwent continuous-flow LVAD implantation as bridge-to-transplant therapy at The University of Tokyo from January 2010 to December 2016. We excluded 5 patients who were younger than 18 years and 28 patients who had undergone conversions from extracorporeal LVAD to continuous-flow LVAD. After these exclusions, the final study cohort consisted of 78 patients ( Figure 1 ).
CTs were performed within 5 months before the LVAD implantations, and we found abdominal skeletal muscle measurements available in the medical record for all the patients. We blindly assessed the skeletal muscle area (SMA) at the third lumbar vertebra (L3) level. The muscles in the area included the psoas and paraspinal muscles, the erector spinae, the quadratus lumborum, the transversus abdominis, the obliquus externus abdominis, the obliquus internus abdominis, and the rectus abdominis. We analysed images using the ImageJ medical imaging software v1.42q (National Institutes of Health, http://rsb.info.nih.gov/ij). The crosssectional SMAs were measured according to attenuation thresholds of À29 to +150 Hounsfield units. We calculated skeletal muscle indexes (SMIs; cm 2 /m 2 ) by normalizing the total skeletal muscle surface area by the height in square metres. Our intraobserver reliability analysis for the value of SMI yielded an intraclass correlation of 0.94. Patients were classified as having muscle wasting if their SMIs fell into the lowest, gender-based tertile.
For laboratory data, fasting blood samples were collected, and each laboratory finding was assessed using the standard laboratory methods at The University of Tokyo Hospital (Tokyo, Japan). It was extracted within 2 weeks before the continuous-flow LVAD implantation. Standard echocardiographic imaging was performed to evaluate the left ventricular ejection fraction, and haemodynamic data were evaluated using the Swan-Ganz catheter within 1 month before implantation. The study protocol conformed to the tenets of the 
Outcome
The primary outcome was all-cause mortality with data censored at heart transplantation or LVAD explantation for myocardial recovery. Patients' survivals were followed up from the date of LVAD implantation until the time of death, heart transplantation, LVAD explantation, or survival with LVAD through the 31 August 2017. All causes of death were analysed. Among clinical outcomes, intracranial haemorrhage and driveline infection were also checked. Intracranial haemorrhage was diagnosed by a neurologist. Driveline infection was defined according to the Interagency Registry for Mechanically Assisted Circulatory Support definition of percutaneous site and pocket infection, which was treated with non-prophylactic anti-microbial agents.
Statistical analysis
Data are presented as mean ± standard deviation or as median (inter-quartile range). We performed statistical analyses using JMP pro 13 (SAS Institute, Cary, NC, USA). A P value < 0.05 was considered statistically significant. We evaluated differences between groups using Student's t-test or Mann-Whitney U-test for continuous variables, and/or the χ 2 test for categorical variables, respectively.
We stratified the patients by tertiles according to their SMIs. Muscle wasting was defined in the categorical analyses as the lowest tertile (whose range is different between men and women). We used the Kaplan-Meier method to estimate the survival probability according to the muscle wasting status starting on the LVAD implantation date. Log-rank tests were used to compare survival curves. And we performed univariate and multivariate analyses for survival using the Cox proportional hazards model. All continuous parameters were dichotomized at the 25th, 33rd, 50th, and 75th percentiles, and the percentile value with the lowest P value was chosen as the threshold for the analysis.
13 Multivariate analyses were performed with univariate predictors determined by a value of P ≤ 0.05. Moreover, we generated receiveroperating characteristic (ROC) curve analyses to determine the SMI cut-offs for death. We chose values that maximized the sum of sensitivity and specificity as the cut-off values to calculate the area under curve.
Results
Our study population consisted of 55 men (70.5%) and 23 women (29.5%). The mean age was 42 ± 12 years. Figure 2 presents a histogram distribution of SMIs. The median SMI for the study patients was 37. wasting. Patients with muscle wasting had lower body mass indexes (BMIs; P = 0.002). The duration from diagnosed heart failure to LVAD implantation was 8.9 ± 8.3 years in patients with muscle wasting and 7.4 ± 6.3 years without muscle wasting (P = 0.39). None of the patients in our cohort had neuromuscular diseases. We found the preoperative serum alanine aminotransferase (ALT) levels were significantly lower in patients with muscle wasting (P = 0.01). We also evaluated inflammation biomarkers, such as C-reactive protein (CRP) and neutrophil lymphocyte ratios (NLRs). NLRs were calculated as the absolute neutrophil count divided by the absolute lymphocyte count. We found the mean CRP level and the mean NLR were significantly higher in patients with muscle wasting (P = 0.005 and P = 0.001, respectively; Figure 4 ).
By contrast, the mean B-type natriuretic peptide values were not significantly different between the groups. We explored the relationship between SMIs and values of Swan-Ganz catheter data in order to reveal associations between muscle wasting and the heart failure statuses in the patients. However, we found no associations between the SMI values and right atrial pressure, pulmonary capillary wedge pressure, or right ventricle stroke work index ( Table 1) .
During the mean follow-up of 738 ± 379 days, 10 deaths occurred in 78 patients with a mortality of 12.8%. While Skeletal muscle mass in Japanese patients undergoing LVAD implantation 26.9% of the patients with muscle wasting died (7 of the 26 patients), only 5.8% of those without muscle wasting died (3 of 52). Regarding the causes of death, five died of infections, four died owing to fatal bleeding, and one suffered from a fatal stroke. We found no significant difference in the mortality rate at 90 days after the LVAD operation (3.8% vs. 0%), whereas there was a marked difference in the long-term survival rate between patients with and without muscle wasting (P = 0.0094; Figure 5 ). Our univariate and multivariate Cox analyses showed an association between muscle wasting and mortality (hazard ratio: 4.32; 95% CI: 1.19-20.2) ( Table 2) . On the other hand, the rate of intracranial haemorrhage and driveline infection was not different between patients with and without muscle wasting. Intracranial haemorrhage occurred in the four patients with sarcopenia and eight patients without muscle wasting [P = 0.97; Figure 6A ]. Driveline infection occurred in the 16 patients with muscle wasting and 38 patients without muscle wasting during the follow-up period [P = 0.90; Figure 6B ]. The ROC curve analysis identified the optimal SMI cut-off values to predict all-cause mortality to be 36.2 cm 2 /m 2 in men and 28.0 cm 2 /m 2 in women, and the areas under the curve were 0.61 in men and 0.86 in women. These cut-off values had a sensitivity of 62.5% and a specificity of 76.6% in men and a sensitivity of 100% and a specificity of 76.2% in women.
Discussion
Sarcopenia is a co-morbidity of elderly patients associated with increased mortality independent of age and other clinical and functional variables. [14] [15] [16] The prevalence of sarcopenia in patients with heart failure is higher at 19.5% than that in healthy subjects of the same age. 17 However, the reports on the prevalence of sarcopenia in heart failure include diverse backgrounds or differing methods for evaluating sarcopenia. For example, a report indicated sarcopenia in as much as 47% of young patients (<55 years of age) suffering from dilated cardiomyopathy. 18 Evidence has been mounting on sarcopenia or other skeletal muscle parameters being a risk marker for adverse outcomes in heart failure.
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Our study demonstrated that muscle wasting was also a negative prognostic factor for long-term survival in advanced heart failure patients undergoing LVAD implantation. This is the first report on muscle wasting in advanced heart failure patients undergoing LVAD implantation in Japan. Various definitions and diagnostic criteria for sarcopenia exist. [20] [21] [22] [23] We used SMIs as muscle wasting markers because the SMA at the L3 level has been shown to correlate strongly with the body muscle distribution 24 and to be useful as a prognostic marker. 25 We diagnosed muscle wasting in those with SMIs at the bottom tertile according to a publication in LVAD populations. 26 These thresholds were found to be somewhat higher than those calculated by our ROC curve analysis for death. Therefore, there might be more accurate and appropriate threshold for muscle wasting. However, there was a report about subjects with hepatocellular carcinoma, which demonstrated very similar cut-off value for muscle wasting with ours. 25 The information on abdominal muscle mass calculated by CT has been reported to have less utility than the information on muscle function (such as the grip strength). 27 On the other hand, muscle function is greatly affected by the inactivity level, which is derived from the status of heart failure. 17, 18, 28, 29 By contrast, the abdominal muscle mass may have some different implications independent of the inactivity level; indeed, the parameters of heart failure status did not correlate with abdominal muscle mass in our study. In our study, patients with muscle wasting had lower ALT levels than those without muscle wasting. Other studies have reported that low ALT is a biomarker for frailty, disability, sarcopenia, and malnutrition. 30, 31 ALT is mainly derived from the liver; however, a small amount of ALT is derived from skeletal muscle. 30 ALT is an enzyme in gluconeogenesis, which converts alanine into pyruvate for glucose production. We think that lower ALT in muscle wasting group is due to reduced release by skeletal muscle or decreased muscle proteins for gluconeogenesis. The BMI was also lower in patients with muscle wasting than in those without muscle wasting. This finding is consistent with the previous studies, 17 and heart failure patients with higher BMIs have been shown to have better outcomes in terms of mortality and hospitalization rates (obesity paradox). 32 However, the determining factors for the SMI in patients undergoing LVAD implantation were not identified in our study, and further robust investigations to identify them are warranted. Hypoalbuminaemia, renal dysfunction, and coagulopathy, which were reported to be associated with death within 90 days after the LVAD operation, 33 did not have any relationships with SMI. In a study similar to ours, Heberton et al. investigated about the relationship between overall mortality and low psoas muscle mass and demonstrated no difference in overall mortality according to psoas muscle area evaluated using CT images. 26 This discrepancy with our results may be due to the fact that all LVADs were implanted as a bridge-totransplant therapy and the HeartMate II risk scores 33 were lower in our study. The patients' body surface area (BSA) was also low in our study. Lower BSA is an independent risk factor for mortality during the LVAD support 34 ; therefore, these characteristics also affected the clinical course in the study patients. As a result, the effects of muscle wasting Figure 4 Bee swarm box plot of CRP and NLR in patients with and without muscle wasting. CRP, C-reactive protein; NLR, neutrophil lymphocyte ratio.
Skeletal muscle mass in Japanese patients undergoing LVAD implantation may have been more pronounced in our study as compared with their study. One possible explanation of the poor prognosis in the presence of muscle wasting is that it exacerbated the severity of complications after LVAD implantation through an inflammatory pathway. We checked CRP and NLR as markers of inflammation, and these markers were increased in the presence of muscle wasting. Sarcopenia is known to be associated with inflammation. 17, 35, 36 The CRP is a non-specific serum acutephase inflammatory marker secreted by hepatocytes under the influence of interleukin-6. 37 NLR is thought to reflect ongoing inflammation that significantly modifies the immune responses. 38 These inflammatory markers were reported to be higher in patients with sarcopenia. 39 In the current study, the rate of complications such as cerebrovascular events and driveline infections was comparable between the patients with muscle wasting and those without it [ Figure 6 (A,B)], whereas fatal cases with these complications were highly observed in the presence of muscle wasting. This inflammatory precondition may aggravate the response to physical stresses such as cerebrovascular events and infections, and patients with sarcopenia may have difficulty in tolerating these complications, resulting in higher mortality. However, there had been no report that demonstrated the interaction between preoperative inflammatory precondition and long-term mortality after LVAD implantation. Clarifying the underlying mechanism for the relationship between preoperative sarcopenia and poor prognosis can help us optimize the therapeutic strategies against complications after LVAD implantation. It is expected that strategy, including exercise training and nutritional support, for prevention of muscle wasting should be established to improve sarcopenia in advanced heart failure. Several limitations must be considered in our study. First, this is a retrospective study at a single centre with a small patient cohort. Further studies including large sample sizes and multiple institutions are needed. Second, in our cohort, the small number of events regarding patient deaths limited the statistical power of our analysis to detect weaker risk factors for survival. Third, the timing of CT varied for each patient and the median number of days from CT to LVAD implantation was 14 (7-41) days. Fourth, a single observer measured the muscle masses of all patients. Finally, we used only one component of sarcopenia other than measurements of muscle power and function using more specific tests.
In conclusion, muscle wasting is associated with higher mortality in patients with LVAD implantation. Assessment of the abdominal SMA using CT imaging prior to LVAD implantation is useful to predict mortality. Skeletal muscle mass in Japanese patients undergoing LVAD implantation
